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Abstract
In this work, we present theoretically the effect of external electric field F, on low temperature
multisubband electron mobility x in V-shaped double quantum well (V-DQW) HEMT structure.
We consider the impact of ionised impurity and alloy disorder scatterings for the calculation of
. We show that, in the proposed structure, when F,, is absent, there are two subbands occupied
below the Fermi levels. However, as F, increases, there is an alteration of the potential profile,
which changes the energy levels and wave function distributions leading to variation of
occupation of subband states, i.e. from double to single. During double subband occupancy,
initially, ¢ enhances with F,, attains a peak value and then decreases. Whereas, for F, where the
transition from double to single subband occupancy occurs, there is a sudden rise in x due to the
cease of inter-subband interaction. It is interesting to note that different structure parameters, e.g.
well widths Ww, central barrier width B¢, doping concentrations Np, alloy concentrations x,, at
the well edges of the V-DQW have a fascinating impact on p. We show that increasing Ww, and
B¢ and decreasing Np, and x, enhances (.

Keywords: V-shaped quantum well, external electric field, nonlinear electron mobility, scattering
matrix elements
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1. Introduction

Recently, high electron mobility transistor (HEMT) structures
with different non-square potential profiles have attracted
much attention for the fabrication of electronic and optoe-
lectronic devices due to their specific shapes, like parabolic,
cubic, V-shaped, triangular etc [1-25]. These shapes can
manipulate the required subband energies and the number of
occupation of subband states for specific applications. From
these, interests are focused on the development of the
devices based on non-square V-shaped quantum well

0031-8949,/20,/034002+11$33.00

(V-QW) structure due to higher confinement potential
4, 7, 11, 13, 16, 19, 22, 23]. The V-QW structure can be
fabricated from Al,Ga;_,As by linearly grading the alloy
concentration x inside the well and hence have higher alloy
scattering than that of conventional square quantum well
(S-QW) structure [13]. In addition to this, in the case of
V-QW structure, the higher confinement, as compared to
S-QW structure, leads to interesting two-dimensional electron
gas properties [26, 27].

A double quantum well (DQW) structure possesses
tunnelling coupling in addition to the quantum confinement

© 2020 IOP Publishing Ltd  Printed in the UK
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effect which can be used to engineer the optical as well as
transport properties [1, 3-7, 12, 13, 18, 28, 29]. The coupling
of subband states and wave function distributions can be
controlled through the proper choice of the central barrier
width of the DQW structure. When more than one subband is
occupied below the Fermi energy levels, inter-subband
interaction comes into the picture [6-8, 27, 29-31].

In general, application of external perturbations like
magnetic field Fy, electric field F,, etc, amends the potential
profile Vj, of V-QW structure depending upon the magnitude
and direction of applied field Fy and F,. The modified
potential profile Vo changes the energy levels and wave
function distributions inside the wells, which give rise to
interesting optical phenomena [4, 7, 11, 13, 16, 19, 21-23].
For instance, Hu et al reported that the effect of F, on the
ground state binding energy for lower well width of V-QW is
more significant as compared to that of parabolic quantum
well and S-QW structures [8]. Salhi et al investigated and
presented that the electrical and optical properties of LED
operating in the range of 400-500 nm containing V-QW have
superior performance as compared to that of the device
comprising U-shaped QW [9]. Yesilgul er al, have investi-
gated the effect of the strength of the F; and F, on the optical
absorption coefficients and refractive index of V-QW struc-
ture [13]. Radu et al presented the effect of laser field on the
subband energy levels of the finite V-QW structures under the
effect of F, [19]. Kasapoglu er al presented the impact of
crossed electric field F, and Magnetic field F on the ground
state impurity binding energy of V-QW structure [21]. Boy-
kin et al obtained interesting behaviour on the splitting of
energy levels in strained V-QW structures in the presence of
applied field [22]. There are lots of works available on the
application of F, on optical properties of V-QW structure.
However, as per our knowledge, very less work is available
regarding the transport properties of V-shaped double
quantum well (V-DQW) structures [7, 20].

The electron mobility p in quantum well structures
depends upon the scattering processes related to the system
[7, 25, 32-41]. For different temperature regimes, the relevant
scattering mechanisms, which play a key role in determining
1, also vary. At low temperatures, the elastic scatterings, such
as, ionised impurity scatterings, alloy disorder scattering,
interface roughness scattering and acoustic phonon scattering
are important in different semiconductor structures, say,
GaAs/AlGaAs [32-35]. In case of a system, with an alloy
channel (like GaAs/InGaAs structure), the alloy disorder
scattering is important [33]. The interface roughness scatter-
ing, which arises due to the rough interfaces in hetero-
structures of dissimilar materials (say, GaAs/Al,Ga;_,As), is
important in quantum wells of narrow well widths [33,
35-37]. At low temperature the carriers are also scattered by
neutral impurities (defect centres) [38]. As temperature
increases from 0K, the effect of acoustic phonon scattering
due to deformation potential and piezoelectric interaction
increases. The piezoelectric scattering is prominent in com-
pound semiconductors with lack of inversion symmetry [35].
In the case of nitride based quantum well structures (GaN/
AlGaN, GaN/InGaN), the strong internal piezoelectric

interaction happens to be an essential scattering mechanism to
determine the mobility unlike that in arsenide based GaAs/
AlGaAs structures [39]. The room temperature mobility is
basically governed by the inelastic scattering mechanism, like
polar optical phonon scattering [32, 34, 35].

In the present work, we consider Al,Ga;_,As based
V-DQW structure in which the side barriers are delta doped
with Si. The wells are made of Al,Ga;_,As alloy by varying
the alloy concentrations. Unlike the GaAs/AlGa;_,As
structure, here there is no clear cut interface between the well
and the barrier since the whole structure is made of
Al,Ga;_,As alloy. We therefore analyse the low temperature
mobility governed by ionised impurity scattering and alloy
disorder scattering.

We analyse the role of external electric field F, on
multisubband electron mobility in a V-DQW HEMT struc-
ture. We show that, in the proposed structure, when F,, is
absent, there are two subbands occupied below the Fermi
levels. However, as F, increases, there is an alteration of the
potential profile, which changes the energy levels and wave
function distributions leading to variation of occupation of
subband states, i.e. from double to single. For multisubband
occupancy, p shows oscillatory behaviour through the imp-
scattering. Mobility increases with increasing barrier width,
well width and decreasing doping concentration and alloy
concentrations at the well edge. In general, for the case of
double subband occupancy p is less than that of single sub-
band occupancy due to additional inter-subband effects.
However, with the proper selection of structure parameters
and the potential profile it is possible to obtain the reverse
trend at the field where single to double subband occupancy
occurs. We obtained this by increasing barrier width, well
width, doping concentration and also considering asymmetric
doping concentrations in both the side barriers. It is our
pleasure to reveal that p of V-DQW rises near the change of
the occupation of subbands, i.e. from single to double sub-
bands occupancy, unlike that of square-shaped double
quantum well (S-DQW), parabolic-shaped double quantum
well (P-DQW), and cubic-shaped double quantum well
(C-DQW), where a drop in p is usually seen. We compared
p of V-DQW with that of P-DQW, and C-DQW and
show that p (C-DQW) > p (P-DQW) > 1 (V-DQW). The
obtained results will be helpful for the improvement of the
optical as well as transport properties of non-square quantum
well based new devices with proper selection of the structure
parameters and applied electric field F..

2. Theory

2.1. V-DQW HEMT structure

We consider a V-DQW HEMT structure carved from the
Al,Ga;_,As. The schematic layout of the structure is shown
in figure 1(a). Here, the alloy concentration x varies con-
tinuously from O to x, (x, < 0.3) from the centre to the edges
of the wells respectively. The barriers are made of
Aly3Gag7As, with fixed alloy concentration of 0.3. Wy and
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Wy are well widths from the front and back sides of the

designed structure, respectively. The outside barriers are

modulation ¢-doped with Si of doping concentrations Npg

and Npp of width Dy and Dy at spacer distances Sy and Sp

towards the front and back sides, respectively. The wells are

separated from each other by the central barrier of width Be.
The potential profile V, (z) of the V-DQW is:

Vmgz)
Vi 2 < —=(Wg + Bc/2)
v, —z—(i‘:;/z We) /2 ‘ — (Wg + Bc/2) < 2 < —(Bc/2)
1y, — (Bc/2) <2< (Bc/2) .
Wy W ‘(Bc/Z) < (Bc/2 + Wp) @
A 7> (Be/2 + W)

where Vi, and Vj are the potential height at the well bound-
aries and barrier, respectively. These can be obtained from the
conduction band offset presented in table 1. Vy, varies from 72
to 228 meV (taking x = 0.1-0.3) and Vpz = 228 meV for
x = 0.3 [32] [42]. The other parameters such as effective
mass, dielectric constant, and lattice constant of Al,Ga;_,As
are also presented in table 1.

2.2. Electronic structure

The difference in electron affinity and mismatch in the band
alignment leads for the diffusion of electrons into the wells
leaving positive ions in the side barriers. So the impurity Npvp
(z) and electron distribution n, (z) towards the growth side of
the structure (z-axis) is [27]:

Wg= Wz =Wy =100A, Bo =40 A, x, = 0.3, Npr = Npp
=Np=1x 10" cm ™ and F, = 0kVem .

We assume that at low temperature all the donors are
ionised and diffused into both the adjacent wells. So that the
surface electron density Ny, = NprDr + NppDp. Ngur
related to n,, by Neur = D 1y [27].

2.8. Electron subband mobility

The subband electron mobility p, can be expressed in terms
of subband life time 7,, expressed by the electron Fermi
energy Eg as (1,(Eg) = (e/m) 7,(Eg,). The subband life time
T, satisfies the coupled linear equation [7, 27]:

N
Z Ganlm = 1’ (5)

m=0

which can be derived from the Boltzmann transport equation
by employing the Fermi golden rule (see appendix). When a
single subband is occupied, equation (5) can be expressed as
[37]:

1

— = Xoo. (6)
T0

For double subband occupancy, 73 and 7; can be
expressed as [37]:

1 Koo + Yo)&Kii + o) = ZoiZio
{0 X1 + Yio) + (Er1/Er0)/*Zo1
1T _ Koo + Yo X1 + Yo) = ZoiZio
gl Xoo + Yoo + (Ero/Er1)'/*Z1o

@)

®)

Here, X,,, is the intra-subband and Y,,, and Z,,, are inter-
subband scattering rate matrix elements (SRMEs). X,,,., Y.,

Npg — (Sp+ W+ Bc/2) >z > —(Dg+ Sp+ Wg + Bc/2)

Nivp(2) = Npr(Sp + Wr + Bc/z) <z< D+ S+ Wr + BC/Z) s 2
0 Otherwise
00 <7< 0 3) and Z,,, vary differently for different scattering phenomena

ne(z) = Z ny W)n(z)lz

W, (z) and E, (z) of the V-DQW structure satisfies 1D
Schrodinger equation towards z-axis [27]:

32
[ md vpomz)]wn(z) = E,(2), @)

2m dz?

where, m is the effective mass of the electron (table 1), V
) = Vs (@ + Vg (2). Vg (z) satisfies Poisson’s equation
[27]. Application of additional electric field F, alters the net
potential profile Vo (z). Accordingly, another potential Vi
= eF,z is included to Vo (2), in addition to V; (z) and Vg
(z). We calculate ¥, (z) and E, (z) numerically by using
multistep potential approximation [33, 43]. We show in
figure 1(b) the calculated Vo (z), ¥, (z) and E,, () for the two
lowest occupied levels by considering the structure para-
meters Dp = Dy = Dp =20A, Sp =Sz =Sg = 60A,

(imp/al). The mobility for imp/al scattering can be obtained:
™A — S ™72 /ST . Finally, the whole mobility
is obtained by the help of Matthiessen’s rule i.e.

Vp=1/™ + 1/ [27].

2.4. Scattering potential

We can write the intra- and inter-subband SRMEs X,,,,, Y.,

and Z,, concerning the screened scattering potential
Vi (G):
X = 2 [T VS (q,)P (1 = cosO)dd,  (9)
rh3Jdo
Yom = 2o [ VAP (@) 00, (10)
rhJo
_ m [T ssp 2
Zim = —7= f [Vor (g, > cos 6d6. (11)
mh3Jo
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Figure 1. (a) The schematic layout of a symmetric V-shaped double quantum well (V-DQW) HEMT structure made up with Al,Ga;_,As.
Here B¢: central barrier width, Wy and Wp: well widths, Sy and Sp: spacer widths, Dy and Dp: Doping width, Npr and Npg: Doping
concentrations towards the front and back side of the HEMT structure respectively. (b) Represent the shape of the potential and two occupied
energy levels Ey and E| and the associated wave function distributions ¥, and U, respectively by taking the structure parameters Wy =

-

Wg=100A, Sr = Sp =60A, Dr = Dy =20A, Bc =40 A, x, = 0.3, Npp = Npg = Np = 1 x 10¥em™

The scattering potentials (imp- and al-) for the V-DQW
structure can be expressed as:

—(Sp+Wp+Bc/2)
f dz;
—(Dp+Sp+Ws+Bc/2)

2
47 Nppet
]er

47T2NDB 64

imp 2
Var@F = =2

—1
nm,n’m’(q)BL’m’(q, Zi)
(Dp+Sp+Wy+Be /2)
<1,
(Sr+Wr+Bc/2)

where

2 2
€04

nm,n m’(Q)Pn’m’(Q7 Zi)

z:l
(12)

Et’m’(q’ Zi) = Lm dz wll/(z)¢1711(z) e—qlz—z;l P (1 3)

Va@F = | [dlae@ v @@ - x@)/4

2
]. (14)

’(Z)wm (Z)Enm n'm’ (CI)

3. Results and discussion

We obtain non-monotonous electron mobility p through inter-
subband interaction in a V-DQW structure. The é-doped layer

3and F, = 0kVem™!

Table 1. Material parameters of Al,Ga;_,As used [42].

S1. No. Material constant Value

1. Effective mass (units of free m = 0.067 4+ 0.083x
electron mass my)

2. Conduction band offset (eV)  V(x) = 0.693x + 0.222x>

3. Dielectric constant e =13.18-3.12x

4. Lattice constant (A) a = 5.6533 + 0.0078x

widths and spacer widths are Dp = Dy = Dp = 20 A and
Sy =Sz = Ss = 60A. In this work, we consider both the
front side well width Wy and back side well width W5 of the
proposed structure are same, ie. Wy = Wz = Wy.
The maximum heights at the edges of the V-shaped wells
ie. V, =72, 148 and 228 meV are obtained by taking the
alloy concentrations x,, = 0.1, 0.2 and 0.3 respectively [42].
For our structure, 6V = 1560 meV, where 6V is the alloy
disorder scattering potential [44]. We assume F, negative
because it is applied from the back side of the structure. We
have used FORTRAN 95 programming language to imple-
ment the Schrodinger equation and other equations
(equations (6)—(14)) for the calculation of mobility.

In figure 2 we present ;™, ' and g (10*ecm? V='s™h)
by varying F, (kV cm ") for W,, = 100 A and B = 40 A and
Npr =Npg=Np =1 x 10"8cm ™. The mobility p is gov-
erned by both ™ and ;. Initially, for F, = 0kV cm ™', two
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Figure 2. /™, ;' and p as function of F, of V-DQW structure for

Dp =204, Sg=60A, Wy = 100A, Bc = 40 A, x, = 0.3, Npr
=Npg=Np=1x 108cm>.
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! l~ Mo'™P ]
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Figure 3. ;5™, !
the structure parameters same as that of figure 2.

, 18 and p' versus F, of V-DQW structure with

subbands are occupied which continue up to F, =
8.5kV cm ™. Then only the single subband is below Eg. The
absence of inter-subband effect enhances the total mobility.
At this transition point, ;'™ increases but ;' decreases due to
intra-subband effects. For single subband range, p remains
almost constant, but in the double subband range, it fluctuates
nonlinearly. Although 1™ causes this fluctuation, z* gov-
erns the overall magnitude of p.

The behaviour of ;™ and * can be explained through
their subband mobilities. In figure 3, we present z™, ™,
1& and 13 as a function of F,. The opposite trends of 13 and

~ o
= —
o

‘:c)
=
"o /
b mp s
2 ’
o
= -
= ||
£ 1
3 Xoo'™P
) 1
10 1S5
F_ (kV/icm)

Figure 4. XioP, X\TP, YimP and ZiTP versus F, of V-DQW structure
with the structure parameters same as that of figure 2.

13, during the double subband occupancy, make ' almost
flat. From the figure, it is clear that the nonlinear behaviour of
(™ is mainly due to ;™. As the shape of ; mostly depends
on 4™, in figure 4 we present the elements of the scattering
rate matrix elements (SRMEs) for imp-scattering, i.e. Xig",
XIP YawP and Z§iP as functions of F, to analyse the non-
linear fluctuation of p of figure 2. As F, increases, X|IP
increases exponentially wheareas YiiP and ZgiP decreases
exponentially. But XioP faces little variation during double
subband range and maintains constant behaviour during the
single subband range. The intra-subband SRMEs Xg? and
X1 play an important role to decide the nonlinear nature in
when two subbands are occupied in comparison to that of the
inter-subband SRMEs YJI® and Zg7P.

To further illustrate the effect of F, on mobility, we plot
Vo), Eo, Ey and Ef in figure 5(a) and corresponding 1o(2)
and 11(z) in figure 5(b) for (i) F, =0kVem ', (i)
8kVem ! and (iii) 15kVem™' taking the structure para-
meters of figure 2. As F, increases Vpo(z) tilts towards the
front side (right side of the figure 5(a)). Accordingly E,, E;
and Ef change as shown in the table 2. For F, = 0kV cm !,
structure is symmetric and 1)y and 1/, extend equally into both
the wells in symmetric and antisymmetric manner respec-
tively. Two subbands are occupied (Ef is greater than E, and
E)) allowing inter-subband scattering through SRMEs Xy,
X11, Yo1, and Zg;. When F, = 0kVem ™', system is poten-
tially asymmetric, v, lies in the well towards the right side,
while 1) lies towards the left well. For F, = 8 kV cm ™!, even
though two levels are occupied, the Fermi level Eg lies just
above E;. The reduced value of Eg; = Eg — E;, decreases the
subband wave vector ¢,, (equation (A10)), and hence
enhances the scattering potential yimp (equation (12)) causing
reduction of ;\™. Whereas, no such proportionality of g,
occur in V%, (equation (14)) and the change in £ is mostly
due to change in the distribution of the subband wave func-
tions. For F, = 15kV cm” !, single lowest level is occupied,
Er < E,, the mobility is due to intra-subband scattering only.
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Figure 5. (a). V,0(2), Eo, E; and Ef; (b) corresponding vy(z), and v,(z) for () F, = 0kV em” !, (i) 8 kV em ! and (i) 15kV cm ™! taking

the structure parameters same as that of figure 2.

Table 2. Energy levels and mobility due to imp- and al-scatterings for different F,,

Energy levels (meV)

Mobility (10* cm®> V~'s™h)

F,kVem™)  E E, Er T A T I ! 1

0 134.84 13547 14121 5522 5885 5694 4678 5253 4950 2.648
8 112.60 12407 12439  7.524 0603 7324 3509 11519 3722 2.468
15 9285 11432 10496 15347 — 15347 3463 — 3463 2.825

imp

Ho
unchanged (figures 3, 4), compared to that of F, = 0kV cm
and F, = 8kV cm™ ', leading to net enhancement in p.

In figure 6, we plot i versus F, by considering different
middle barrier widths B.. Here we take B = 40, and 60 A for
W, = 100 A and other parameters same as in figure 2. The
V-DQW structure is coupled through the central barrier Bc.
The coupling strength has an essential effect on p. As B¢
increases, the coupling strength decreases, thereby making the
two wells behave independently. As a result for B = 60 A,
the rise in p is quite significant. But the range of F, for which
double subband occupancy occurs decreases as compared to
Bc = 40 A. The change in p for B¢ = 40 and 60 A is because
of the difference in the subband Fermi energy values.

In figure 7, we show p versus F, by considering
W,, = 100, 150 and 200 A with other parameters remain
unchanged as that of figure 2. As W, decreases, the

enhances considerably while 13 almost remains
—1

nonlinearity in p decreases but the range of two-subband
occupancy increases. The decrease in W,, reduces mobility 1
due to ™ and 1. This is because of the closeness of the
diffused electrons (inside the wells) with that of positive ions
(left in the side barriers). It leads to higher ionised impurity
scattering. We show that for the case of W,, = 150 and 200 A
there is an improvement of p at the shift of one-subband to
two-subband occupancy, unlike that of the S-QW structure
where a drop in p is usually seen. This anomalous increase in
w is due to the higher confinement potential in V-QW and
dominance of al-scattering as compared to that of imp-
scattering. The enhancement of p increases with an increase
in well width, and it is maximum for W,, = 200 A.

In figure 8, we present p as a function of F, taking
different doping concentrations, Np = 1.0, 1.5 and
2 x 10" cm ™3 for Wy = 100 A, Bc =40 A and x, = 0.3.
Under double subband occupancy, the mobility changes
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Figure 6. ;1 versus F, of conupled V—QV\OJ structure foor Bc =40 and
60 A by taking W,, = 100 A. S¢ =60 A, Dp =20 A, x, = 0.3, Np
=1x10%cm™>.

6- L --.‘-".I. l L - L - l L L L L -

g :'.f"""""""'"'"""":
- O Z =200 A -
E 2 WW -
"o —’--.‘ :
°4 - \‘ ] ————————
= \J 1 -
2> 3 w,, =150 A
S3 .
= T .
w, =100 A

2 - | 2 ' 2 2 ]

0 5 10 15
F_ (kVicm)

FiguEe 7. p versus F, of V-DQW structure for OWW = 100, 150 and
200 A, with Sg = 60 A, Bc = 40 A, D, = 20 A, x, = 0.3, Npp
=1x10%em™2.

nonlinearly. This nonlinearity increases as Np decreases. We
show that with the decrease in Np, 1™ decreases while ™
increases along with a decrease in the range of double sub-
band occupation. We note that as N, decreases the number of
ionised donors decreases. But, simultaneously, the surface
electron density also decreases, which attenuates the Fermi
wave vector and consequently, Fermi velocity. The after-
wards effect being predominating, '™ decreases with
decrease in Np. Regarding the increase in z*', we know that as
Np decreases, there is less band bending such that the
potential well becomes wider. This makes the amplitudes of
the subband wave functions smaller and reduces the al-scat-
tering potential.

In figure 9, we present p as a function of F, taking
various alloy concentration x, = 0.1, 0.2 and 0.3 with

S —
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Figure 8. 1 versus F, of V-DQW structure fora Npr = ND§ = Np
=1,15and 2 x 10" cm ™ with W,, = 100 A, Sy = 60 A, B
=40A, Dp =20A, x, = 03.
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Figure 9. 1 versus F, of V-DQW structure fgr x, = 0.1,0.2 apd 0.3
with Np = 1 x 10" cm™ with W,, = 100 A, with S5 = 60 A, Bc
=40 A, Dp =20 A.

W,, = 100 A for B = 40 A, Np = 1.0 x 10"® cm™>. During
double subband occupation, the mobility possesses non-
linearity. For x, = 0.1, mobility faces an abrupt drop at the
transition field where single to double subband occupation
occur. But this drop gradually reduces as the alloy con-
centration increases from x,, = 0.1-0.2 and then 0.3. We note
that as x, increases the peak in nonlinearity decreases but the
transition from single to double subband occupation obtains
at a slightly lower value of F,.

In figure 10, we plot variation of p with F, taking
different combinations of doping concentrations, (Npg,
Npg) = (1, 1), (0.5, 1.5), and (0, 2) x 10" cm™ with
W, = 100 A, with Sg = 60 A, B = 60 A, D), = 20 A and
x, = 0.3. As the difference between the Npr and Npp
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Figure 10. u as function of F, for (Npgr, Npg) = (1, 1), (0.5, 1.5)
and (0, 2) X 108 cm 3 of VD—DQW structure for x, :00.3 with
W,, = 100 A, with S¢ = 60 A, B = 60 A, Dp = 20 A.

increases, f becomes more nonlinear with large oscillations
along negative F,. We show that for the combination of
doping concentrations (Npg, Npg) = (1, 1), and (0.5, 1.5), at
first i.e. F, = 0kV cm™ !, there are two subbands occupied.
As F, increases, there is a transition from double to single
subband occupancy. It is interesting to show that only in the
case of a larger difference between the Npr and Npg, i.e.
(Npr, Npg) = (0, 2) x 10" cm™>, there is single subband
occupied followed by double subband. We also calculated
and obtained the result of u for (Npp, Npp) = (0,
2) x 10" ecm ™2, by extending F, up to 20 kV cm™' (Which is
not shown in the figure 9) and interestingly at F,
= 16.25kV cm™ ' again there is a transition from double to
single subband occupancy. There is a fascinating oscillation
of u during the range of second subband occupancy. The
oscillation of s is due to p™, but x* regulates the total
magnitude of y. The applied external field F, (= 0kV cm ")
tilts the whole potential of the quantum well and the structure
becomes asymmetric. By varying the difference between Npx
and Npp, the potential is changed to realise towards sym-
metric. For the case (Npr, Npg) = (0, 2) x 10 cm ™ at F,
= Fr = 12kVem ™! an effectively symmetric potential can
be obtained so that the subband states demonstrate resonance.
At this point, ¥, and ; extended almost equivalently into
both the wells in symmetric and anti-symmetric manner
respectively. For F, > Fp the subband wave functions g
(ground) and 1, (excited) lie in the left well and right well
respectively. For F, < F, vice versa occurs. The substantial
change in the distribution of 1,,(z) near F, = Fy, manipulate
the scattering potentials significantly. Hence the lowest value
of mobility is obtained at F, = Fx = 12kV cm ™. The larger
oscillation in  is due to the larger nonlinearity of z§™ and
(™. The subband mobility 1™ almost controls the oscilla-
tion of 4™ for F, < Fg while 1\™ controls the oscillation for
F, > Fr. We show that the resonant point occurs at a lower
value of F, with decreasing the difference between Npy and
Npg ie. for (Npr, Npp) = (0.5, 1.5) x 108ecm™> Fx

: 1
-7 : c-DQw
@ :
> =
6 :
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o3 4  p.oaw
s AECT - ! 3
=ak__-—" N 2
o [ 3
2 _F ]
3 -
v-DQw
2 2 2 2 i 1 2 i 5 2 1 2 M M 2
0 5 10 15
F_ (kV/icm)

Figure 11. u as function of F, in V—DQW, P—DQ\ON and C—DQW
structures for x, = 0.3 with W,, = 100 A, Ss= 60 A, B = 60 A, Dp,
=20Aand Np =1 x 10"¥cem™>.

=6kVem . For the symmetric case with (Nppg,
Npg) = (1.0, 1.0) x 10" cm ™3, Fr = 0kVem ™. It is our
gratitude to show that for all the three cases, we observe an
enhancement of p near the transition point from single to
double subband occupancy.

In figure 11, we show a comparative study for different
shaped QW structure potentials like cubic, parabolic and
V-shaped. Here, we plot variation of p with F, for C-DQW,
P-DQW and V-DQW structures for xy, = 0.3 with W,,
=100A, Ss=60A, B =60A, D, =20A and Npp =
Npg =Np =1 x 10®cm™>. We found p (C-DQW) >
w (P-DQW) > 1 (V-DQW). This decreasing trend in mobility
is because of the gradually increasing effect of alloy disorder
scattering. We note that the sudden drop in p at the transition
field where single to double subband occupation happens for
C-DQW and P-DQW can be avoided in the case of V-DQW.

4. Conclusion

Here, we achieve non-monotonous electron mobility x4 as a
function of external electric field F, through inter-subband
interactions in double V-shaped quantum well HEMT struc-
ture. We obtain the asymmetry in the structure by applying an
electric field from the back side of the structure. We take
ionised impurity (imp-), and alloy disorder (al-) scattering and
show the impact of different structural parameters like doping
concentrations Ny, central barrier width B, well width Wy,
and alloy concentration x, on p as a function of F,. Our
results show that by increasing B¢ and Wy, one can improve
the non-monotonic nature of p. The range of F,, for which
double subband occupancy can occur, decreases with increase
in Ny, but enhances with the decrease of B~ and Wy. The
magnitude of o increases with increasing in B¢, and Wy,
whereas decreases with increasing Ny, and x, at the well
edges. We show that with a suitable selection of the structure
parameters, it is possible to obtain the rise of p at the
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transition of single to double subband occupancy. We also
show that the non-monotonic variation of p during multi-
subband occupancy can also be improved more by con-
sidering substantial differences in doping concentrations at
both the side barriers. We compared the mobility of V-DQW
with that of P-DQW and C-DQW and found that V-DQW has
higher confinement than that of P-DQW and C-DQW. Our
results will be helpful for the improvement of the optical as
well as transport properties of non-square quantum well based
new devices with proper selection of the structure parameters
and applied electric field F,.
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Appendix

An expression for the electron mobility in a multisubband

occupied quantum well system can be derived from the
Boltzmann transport equation as [27, 33]:

—ChE - 7o

m nk

= S ISyt o KDL = £, (O]

mk’

S micr fy O — £, (11, (A1)

where F is the electric field, f, (E ) is the electron distribution
function of the nth subband. S, .z is the electron transition
probability per unit time which is basically derived using the
time dependent Schrddinger equation by employing time
dependent perturbation formalism [34, 35]. It can be expres-
sed in terms probability of transition from a stationary state
|nk ) to |mk’ ), popularly known as Fermi golden rule:

2 . -
SnE,mE’ = ? Kmk/|Vl| nk>|26k’k+q 6(Emk’ - E;lE)’

(A2)
where V’ the potential of the scatterers. The electronic state
|nk) can be represented in terms of the wave function and
energy eigen values

1k”

Y (F) = N7y

——=n(2), (A3)

Ep = E, + e(k). (A4)

Here e(k) = h*k*22m, 7 is the two dimensional position
vector along the interface (xy) plane. k is the 2D wave vector.
A is the area of the sample perpenicular to the growth
direction (z-axis). 1, is the subband wave functions and E,, is
corresponding energy levels of the electron. ¢, satisfies the
Schrodinger equation along z-axis described in equation (4).
The Boltzmann equation (equation (A1)) can be expressed as

27, 33]
CERRFRE =S 2T By k)
m Oe h

m

X §(Ey + (k) — Ey — (k") 6p i Unicr — Juic)-

The outer (.....) in the transition matrix relates to the
distribution averaging of the scatterers. One can solve
equation (AS) exactly by writing the electron distribution
function f, () through the relaxation time approximation, i.e.
by introducing energy dependent relaxation time 7,(c) for
each subband [27, 45]:

(A5)

of© (k)

O &) + hk e 2
e(k

(k) = T (€) (A6)

72 is the Fermi-Dirac distribution function and 7, is the
subband transport life time. By using equation (A6) in (AS5),
the Boltzmann transport equation is obtained in the form of a
coupled linear equation in terms of 7,(c). One can write
Tu(€) = T, (Eg,) for T = 0K, where Eg, = Eg — E,,. Further,
using suitable configurational averaging over the scatterers,
the Boltzmann equation can be expressed as (presented in

equation (5)):

N
z Gun™n = 1
m=0

(A7)

N is the numbers of occupied subbands. G,,, is the
subband transport scattering matrix:
N
Gnn = Xun + Z Ynl forn = m, (A8)

I=n

kF m

Gy = ——Z,, forn = m. (A9)

Fn
The intra-subband X,,, and inter-subband Y,,, and Z,,,
scattering rate matrix elements can be expressed in terms of
the scattering potentials V,,S,,fp(qnm) (as described in
equations (9)—(14)). The subband wave vector

G = [k + ki — 2kg,kgy, cos 0]/2, (A10)

2mEg, \1/2 - Sy
where ke, = (2252) 7 |VEP (g, )P = (Kmk'|V/| nkP) s
the configurational averaging of different scattering potential

matrix elements including the effect of screening [45].
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